We showed previously that the bacterial ribonuclease P (RNase P) ribozyme has substrate shape preference depending on the concentrations of catalytically important magnesium ions. The ribozyme discriminates a canonical cloverleaf precursor tRNA from a hairpin RNA with a CCA-tag sequence at low concentrations of magnesium ions. By detailed analysis of the shape preference using the bottom-half part-shifting variants of a tRNA precursor, we showed that the RNAs in a Tshape structure can be substrates for the ribozyme reactions even at low concentrations of magnesium ions, and that the RNA in a natural L-shape is the best substrate for both the ribozyme and the holo enzyme. The results also showed that the position of the bottomhalf part did not affect the cleavage site selection of a substrate by the enzyme. Our results are the first kinetic evidence to show the importance of the bottom-half part of tRNA molecule, and our result also showed that the holo enzyme can discriminate substrate shape as well as the ribozyme at low concentrations of metal ions.
The Escherichia coli ribonuclease P RNA subunit is the most studied naturally found ribozyme that can perform enzymatic activity at high concentrations of magnesium ions in vitro. 1) This enzyme generates the mature 5 0 -end of a tRNA from a tRNA precursor in various sequence in vivo and in vitro, and also removes the 5 0 -additional region from a hairpin RNA tagged with a CCA sequence in vitro. These features have made us think that this enzyme recognizes the CCA-tag sequence at the 3 0 -end of a tRNA and the whole shape of tRNA precursor. [1] [2] [3] Recently, we found that the E. coli RNase P ribozyme demonstrates strict substrate shape specificity. The ribozyme cleaves a L-shaped pre-tRNA but not a hairpin RNA at physiologically low magnesium ion concentrations in vitro. 4, 5) These facts again focused attention on the role of the bottom-half part (the D-arm and the anticodon-arm region) of a tRNA in substrate recognition. Previous crosslinking studies have reported that some bases of the bottom-half part of tRNA contact certain bases of the RNase P RNA. [6] [7] [8] Hence, in this study, we planned to gain experimental evidence of the interactions between the bottom-half part of tRNA and the enzyme in view of kinetic analyses. We designed a series of bottom-part-shift variants of pre-tRNA and examined their RNase P reactions (Fig. 1A, B ). We used a fly valine pre-tRNA as a model substrate because this RNA is a good substrate for the E. coli enzyme. 4, 9) Each RNA contains exactly the same number of bases, and was designed to have a 12-base top-half part. Each RNA was denoted as Vn, where the number n represents the length of a helix corresponding to the acceptor-stem. The secondary structure of each RNA was examined with nucleases V1 and S1, and the results showed that the prepared RNA was of the structure we expected (except for the V3 variant; data not shown). Every gene for the pretRNA variant was chemically synthesized and cloned onto a commercial vector pGEM-3Z (Promega), as described previously.
4) The pre-tRNA variants were labeled at the 5 0 -end with [-32 P]ATP and polynuleotide kinase for cleavage site analysis, or were internally labeled with [-32 P]UTP for kinetic analyses, as described previsouly.
The results of cleavage analysis and kinetic analysis are summarized in Fig. 1C and Table 1 . We also examined the holo enzyme reactions. The E. coli RNase P ribozyme subunit was prepared in vitro from a pGEM-3Z-derived plasmid, and the protein subunit was prepared from the E. coli BL21(DE3) cells harboring a pET3a-derived plasmid that encodes the gene for the protein, as described previously. 4) For the holo enzyme reactions, the reconstituted holo enzyme from the ribozyme and the protein subunit was used. Then the cleavage site of these RNAs was examined with the ribozyme and holo enzyme. Reactions were done under the usual conditions (1.4 nM pre-tRNA variants, 50 nM ribozyme with equimoler of the protein subunit for the holo enzyme, 50 mM Tris-HCl, 5 mM MgCl 2 for riboy To whom correspondence should be addressed. Fax: +81-532-44-6929; E-mail: tanakat@eco.tut.ac.jp Abbreviations: pre-tRNA, precursor tRNA; RNase P, ribonuclease P; K M , Michaelis constant; k cat , catalytic rate constant zyme reactions and 2 mM for holo enzyme reactions, 100 mM NH 4 Cl, 5% [w/v] polyethyleneglycol-6,000, 37 C, pH 7.6, for 90 min, in 25 ml).
4) The reactions were stopped by adding EDTA solution to the reaction mixture to a concentration of 20 mM. And the products were developed on 20% PAGE and analyzed quantitatively. For the kinetic analyses, we chose four RNAs, including the wild-type pre-tRNA, and examined them kinetically. The measurements of the enzymatic activities were done at 37 C, pH 7.6 (50 mM Tris-HCl, 100 mM NH 4 Cl, 5% [w/v] polyethylenglycol-6,000). For ribozyme reactions, the 25 ml reaction mixture additionally contained 5 mM MgCl 2 , 4-630 nM of each substrates, 20 or 60 nM ribozyme. For holo enzyme reactions, the 25 ml reaction mixture additionally contained 2 mM MgCl 2 , 2-90 nM of each substrates, and 1 or 5 nM reconstituted holo enzyme. Each RNA was preincubated for two min at 75 C and then refolded at 37 C. The reactions were stopped by adding EDTA solution at a final concentration of 20 mM. The contents of the products were analyzed by the radioactivities of A, Three-dimensional model structure of the E. coli RNase P RNA (green), the top-half (blue), and the bottom-half of tRNA (red). The structure was drawn with RasMol ver. 2.6 software for the Macintosh using data from Chen et al.
3) B, Schematic representation of the design of the pre-tRNA shape variants. In every variant, the length of the top-half helix is designed to a constant length of 12-bp. The top-half is shown in blue and bottom-half in red (wild-type, V7) or in pink (variant). The green circular arrow shows the rotation of the top-half helix that might occur according to the insertion position of the bottom-half part onto the top-half helix. C, Comparison of cleavage efficiency of the pre-tRNA variants by ribozyme (bottom) and holo enzyme (top). The cleavage efficiencies of the variants at the same concentration under the same conditions are compared. The bands of the released 5 0 -leader region were indicated below. 'À' and 'þ' represent 'in the absence of the enzyme' and 'in the presence of the enzyme' respectively. the bands using BAS-1800 (Fujifilm, Japan) after development on 20% PAGE containing 8 M urea. The cleavage velocity of the substrate RNA was measured from the initial cleavage rate of the substrate as multiple turnover kinetics. The kinetic parameters were determined following the standard Michaelis-Menten equation.
The results of the cleavage analyses showed that the position of the bottom-half did not affect the cleavage site selection of the RNA, but did affect the cleavage efficiencies by the enzyme. Both the ribozyme and the holo enzyme most preferred the wild-type RNA (V7). The results also indicated that non-wild-type RNAs in Tshape were also substrates for the enzyme but of lower cleavage efficiency. These results show that the presence of the bottom-half part of tRNA in the correct position is required for occurrence of efficient cleavage reactions by the enzyme.
The results of the kinetic analyses of four RNAs, V5, V6, V7, and V8, indicated tendency similar to the results of the apparent cleavage assay shown in Fig. 1C . A comparison of the kinetic parameters indicated that the position of the bottom-half part on the top-half part affected both the k cat and the K M values, and also showed that the presence of the protein component altered the balance of these parameters. Interestingly, a comparison of kinetic data for the ribozyme and holo enzyme indicated that the protein component raised the affinity between the enzyme and the wild-type pre-tRNA substrate more than did other T-shaped RNAs. We suppose that one of the roles of the protein component might be to alter the interactions between the ribozyme and a substrate RNA by raising affinity to the correct substrate.
The data demonstrated above show that the holo enzyme can recognize the shape of a substrate, and demonstrated substrate shape preference as the ribozyme component when T-or L-shape RNA is a substrate. We also found that the protein component takes part in substrate recognition, although the protein is thought to contact only the 5 0 -leader region of the substrate. 10) Our data might contribute to understanding how the ribozyme recognizes the whole shape of a substrate and to understanding the role of the protein component of this enzyme which has long been an enigma. [11] [12] [13] [14] [15] 
